Reaction of MDCK cells to crystals of monosodium urate monohydrate and uric acid. Madin-Darby canine kidney (MDCK) cells exhibit many of the characteristics of cells of the cortical collecting tubule. Since hypotheses concerning the development of gouty and uric acid nephropathy involve a reaction between such cells and crystals, either of monosodium urate monohydrate (MSUM) or uric acid, the reaction between MDCK cells in culture and the above crystals was studied, both morphologically and functionally. In monolayer cultures, reaction sites developed within four hours of exposure to urate crystals. These increased in number for up to 72 hours and subsided gradually after removal of the crystals. At these reaction sites, crystals were observed to have passed beneath the cell surface and could be demonstrated both within intra-cellular lysosomes as well as within the inter-cellular spaces. When the MDCK cells were maintained as single cells in suspension, phagocytosis of crystals by the majority of the cells could be observed, but the response was much more rapid than in monolayers. During the cell/crystal reaction, significant amounts of lysosomal enzymes and prostaglandin E2 were released and, to a less significant degree, cytosolic enzymes, presumably due to cell lysis. This enzyme release did not occur in MDCK cells grown in protein-free medium, and protein coating of the crystals was necessary for reactivity with cells. In this regard, coating with IgG or lysozyme was more effective than albumin. The reaction with uric acid crystals revealed a reactivity which was lesser in degree but qualitatively similar to that of urate crystals. These studies support the hypothesis that one of the earliest lesions in uric acid or gouty nephropathy occurs between intra-luminal crystals and the epithelial cells of the distal portion of the nephron, and that some of the subsequent renal damage is secondary to this reaction.
urate or uric acid [6] , the former being principally interstitial and the latter principally intra-luminal. Although the processes involved in their formation may be independent and different [7] , many of the pathological studies suggest that the two processes may not be entirely distinct, and it has been postulated that some intra-luminal crystals might erode the tubular basement membrane of the renal tubules and pass into the renal interstitium [8] , inducing in the process an inflammatory reaction.
Although kidney disease has been questioned as a sequel of gouty arthritis at a time when allopurinol is used extensively [9] , earlier studies indicated that the most consistent abnormality in the kidneys of patients with chronic gouty arthritis was the presence of interstitial urate deposits [5] . In view of the role of the kidney in urine concentration, it is not surprising that adverse effects in the form of urate/uric acid crystal deposition might develop in the kidney and lead to a tissue response similar to that in other organs. Experimental studies in rats fed uric acid together with the uricase inhibitor, oxonate [10, 11] , showed the development of significant tubular damage affecting particularly the epithelial cells of the collecting tubules. Inflammatory cells were present near tubules or in the interstitium related to damaged tubules. Thus, there is much to suggest that at least one of the mechanisms of renal damage from urate and uric acid involves a reaction between a crystal, either of urate or uric acid, and the tubular lining cell, and that this is most likely to occur in the distal portion of the nephron. Such pathology has been observed in the uric acid nephropathy of leukemia [12] . Because of this, we undertook a study of the reaction between urate and uric acid crystals and cultured renal tubular cells to examine the earliest stages of this reaction. Since they have been reported to possess many of the characteristics of collecting duct cells [13] [14] [15] , we chose to study the Madin-Darby canine kidney (MDCK) cell line which can be maintained in continuous cell culture.
Methods
Cell cultures MDCK cells were obtained from Commonwealth Serum Laboratories (Melbourne, Australia) and were maintained in Medium 199 (Flow Laboratories, Helsinki, Finland) with 20 mti HEPES (Sigma Chemical Co., St. Louis, Missouri, USA) and either 5% or 10% fetal calf serum (FCS) in 75 cm2 flasks. Cells were subcultured using 0.075% trypsin in 0.6 mi EDTA. Cells in suspension culture were maintained as single cells after trypsinization of a monolayer culture by constant movement of the culture medium with a magnetic stirrer for up to four hours.
Culture medium with a reduced pH (6.5 to 6.7) and reduced sodium concentration was prepared by replacing much of the sodium with choline chloride. This medium was based on Commonwealth Serum Laboratories' Medium 199 in which NaCl and NaHCO3 were replaced by choline chloride to yield final concentrations of: CaC12 1.27 mM; choline chloride 141 mM; KCI 5.36 mM; KH2PO4 0.44 mM; glucose 5.5 mM; Hepes 10 mM; MgSO4 0.81 mM; Na2HPO4 0.34 mM; with 5% FCS and supplemental vitamins and amino acids. In some studies with uric acid crystals, the medium was saturated with uric acid at the beginning of the experiment and the pH adjusted prior to incubation in conditions free of CO2. For protein coating experiments, cells were grown in a serum-free medium 50% DMEM/HAM F12 plus prostaglandin E1, hydrocortisone, transferrin, insulin and thyroxine [16] . Experiments with crystals were conducted in 35 mm dishes using confluent cells grown from an initial concentration of 0.25 to 0.50 x 106 cells/dish. Reaction sites were counted using a photogrid, the area of which was calibrated using a Zeiss stage micrometer. At a magnification of 20 times, the area of the photogrid was 0.306 mm2. Twenty fields per dish were counted.
Kidney fibroblast cells were obtained by plating a collagenase digest of fetal calf kidney cortex into 50 ml flasks and allowing growth to occur for one month [171. During this period, what was originally a mixture of epithelial cells and fibroblasts became predominantly fibroblasts. Subsequent splitting and regrowth enriched the fibroblast content. Cell cultures were viewed and photographed using a Nikon Inverted Microscope Diaphot-TMD with a diascopic DIC Nomarski attachment for phase contrast microscopy and differential interference contrast microscopy.
Preparation of crystals Crystals of monosodium urate monohydrate (MSUM) were prepared by recrystallization from a saturated solution of uric acid in 0.2 M sodium hydroxide warmed to 95°C and allowed to cool to room temperature [18] . They were uniformly negatively birefringent in polarized light and were destroyed by uricase.
Morphologically, the crystals were rod shaped, varying in length from 1 sm to 50 sm, with approximately 74% of crystals being 12.5 sm or less in length and 21% between 12.5 and 25 sm. For use in experiments, the crystals were dispersed into culture medium by repeated tnturation through, initially, a l9G and then a 25G needle before they were added to cells. Heating of the crystals to 175°C for two hours did not affect their reactivity with MDCK cells. Possible endotoxin contamination of urate crystals was measured using a limulus amebocyte lysate and an improved chromogenic substrate [19] . This showed low levels of endotoxin contamination which ranged from 5 to 40 pg/mg in different batches of crystals. However, the concentration of endotoxin did not correlate with the extent of lysosomal enzyme release. In experiments concerning the protein-coating of crystals, the crystals were suspended in a 5 mglml solution of the appropriate protein for one hour at room temperature prior to being washed and resuspended in serumfree medium. Uric acid was precipitated from a lithium urate solution by lowering the pH rapidly with acetic acid. This resulted in rod-shaped crystals, most of which were small but a few of which were larger and needed to be crushed prior to study. Diamond crystals used as a control for the MSUM crystals were Micron SND 4 to 8 m, purchased from de Beer's, Melbourne, Australia. These crystals were heat sterilized before they were introduced to cultures. No contamination of these diamond crystals with silicon dioxide could be detected (<10 parts per million). Biochemical assays The DNA content of cells in culture dishes was measured fluorometrically [20] using Hoechst dye 33258 and calf thymus DNA (Sigma Chemical Co.) as a standard. A cell homogenate was made by scraping cells from the dish in a buffer consisting of 0.25 M Sucrose, 0.003 M HEPES, 0.001 M EDTA and 0.01% Triton X-l00, and the cells were lysed by freeze-thawing twice. A standard curve, ranging from 0 to 6.5 jsg, was prepared before each assay using calf thymus DNA and a Gilford 240 spectrophotometer at 260 nm. The lysosomal enzymes f3-glucuronidase and a-galactosidase were measured by the method [20, 211 which involved a reaction with 4-methylumbelliferone compounds, with the fluorescence produced in the reaction being measured on a Perkin Elmer 512 spectrofluorometer (Perkin Elmer, Norwalk, Connecticut, USA). Enzymatic activity was principally measured in the medium, but when it was measured 
Histology
For ultrastructural studies, monolayer cultures were fixed in 3% glutaraldehyde in cacodylate buffer for one hour. After washing, the cells were post-fixed in 1% osmium tetroxide for 30 minutes. The monolayer was washed and dehydrated in a graded ethanol series, then infiltrated and embedded in Epon 812. The embedded cells were removed from the plastic cultureware, Sections were cut on an LKB ultratome, stained with uranyl acetate and Reynolds lead citrate and viewed on a JEOL lOOS electron microscope. MDCK cells were stained for acid phosphatase using the Gomori method [22] . Cells on glass coverslips were fixed with 2% glutaraldehyde. After washing, the cells were incubated for one hour at 37°C in a modified Gomori reaction medium containing 0.3% f3-glycerophosphate and 0.12% PbNO in 0.05 M acetate buffer pH 5.0 plus 7.5% After eight hours of exposure, the reaction sites were generally larger and more obvious, and approximately 5 per mm2 could be counted. By 24 hours, the size of the crystal accumulation at each reaction site had increased and the number of reaction sites had increased to between 50 to 60 per mm2. Subsequently, the number of reaction sites increased further, reaching maximum numbers at about 48 hours (Fig. 2) . With time, the cells surrounding the crystal masses appeared to be larger and reaction sites appeared to involve 6 to 12 cells, to be raised, and to have a clear three-dimensional structure (Fig. 3) . After 24 hours, crystals could be demonstrated within the mass of cells making up the reaction sites (Fig. 4) . Electron microscopy indicated that crystals were present both within the cells making up the reaction sites, as well as within the intercellular spaces (manuscript in preparation). In many reaction sites, the crystals appeared, by Nomarski differential interference contrast microscopy, to be completely covered by the cell membrane, an appearance better documented by scanning electron microscopy. Cells reacting with crystals showed an intense reaction with the Gomon stain for acid phosphatase, in contrast to control cells which showed only minimal staining. Heavy staining was also seen around the boundaries of cells adjacent to the reaction sites (Fig. 5) . Removal of excess crystals by washing in fresh medium resulted in a steady decrease in the number of reaction sites over 24 hours to about one quarter. Many of the reaction sites appeared to resolve, possibly as a result of disassociation of the cells, until ultimately few reaction sites could be detected.
MDCK cells in suspension culture. MDCK cells in suspension culture appeared as single isolated cells and these demonstrated greater reactivity with MSUM (urate) crystals than the monolayer cultures (Fig. 6) . Within one hour of incubation with Release of intracellular enzymes. In view of the apparent crystal/cell interaction, release of cellular enzymes during the reaction was studied and two lysosomal enzymes (3-glucuronidase and a-galactosidase) and one cytosolic enzyme (lactate dehydrogenase, LDH) were measured. Low levels of activity of these enzymes, which increased during the period of culture, were found in the medium of MDCK cells in monolayer culture even when crystals were not present, presumably attributable to the continuous turnover of cells in culture. After exposure of cells in monolayer culture to the urate (MSUM) crystals, significant release of these enzymes into the medium could not be demonstrated until 72 hours, so that measurements of the extent of enzyme release were made at that time. The amount of each enzyme released increased with increasing concentration of crystals and appeared to be maximum at crystal concentrations above 430 pg/ml. Accordingly, in the studies of enzyme release a concentration of crystals of 500 j&g/ml was used. Half maximal release of enzyme occurred at a concentration of 170 jsg/ml (Fig. 7) . Significant release of the two lysosomal enzymes occurred consistently after 72 hours exposure to MSUM (urate) crystals (P < 0.01). Release of the cytosolic enzymes also occurred but to a less significant degree (P < 0.05).
Diamond crystals were used as a control and the response of cells to both types of crystal was observed after 72 hours of exposure. Morphologically, the reaction was different from that for MSUM (urate) in that the three-dimensional structures were neither as larger nor as numerous and intracellular uptake was not readily apparent when viewed by phase contrast microscopy. Although both crystal types caused release of lysosomal enzymes into the medium (P < 0.01), diamond crystals were only approximately half as effective as urate crystals (P < 0.05, Fig. 8 ). The amount of the lysosomal enzyme released by cells in monolayer culture after exposure to urate (MSUM) crystals for 72 hours amounted to approximately 2.5% of the total intracellular enzyme activity, suggesting thereby that only a small proportion of the cells was involved in the reaction with the urate crystals.
In view of their greater reactivity with crystals, enzyme release was also studied from MDCK cells in suspension culture. Maximum enzyme release in this preparation occurred at crystal concentrations greater than 150 pg/ml, in contrast to 430 g/ml in monolayers. In these cells, significant enzyme release was demonstratable at four hours, in keeping with the greater number of cells interacting with the crystals at that time. In this situation, release of /3-glucuronidase and a-galactosidase was consistently significant while a significant increase in lactate dehydrogenase (LDH) release was found in two out of four experiments. By four hours, prostaglandin E2 was also released in the reaction with both uncoated MSUM (urate) crystals as well as MSUM crystals coated with IgG, the amount of prostaglandin released increasing significantly with increasing crystal concentration (Table I ). Significant release did not occur until four hours. There was no corresponding release of leukotriene B4.
To assess the effect of protein coating of crystals on cell reactivity, MDCK cells were grown in a synthetic protein-free medium and subsequent studies were undertaken with the cells in suspension. Under these conditions, the percentage of cells taking up the crystals was unchanged, but enzyme release was greatly reduced. However, enzyme release of usual degree occurred with crystals which had been previously coated with protein. Thus, protein coating of the crystals was necessary for full cell reactivity. Coating with albumin or lysozyme caused greater lysosomal enzyme release than gamma globulin (Fig. 9) .
Reaction with crystals of uric acid To maintain uric acid in crystalline form in order to examine its reaction with cells, it was necessary to use a culture medium of reduced sodium concentration and pH (6.5 to 6.7) to prevent the formation of MSUM (urate) crystals (Methods). This was achieved by maintaining osmolality of the culture medium with choline chloride and by promoting adaptation of the cells to a lower pH by a very gradual reduction in hydrogen ion concentration in the medium. Fetal calf serum was included in the medium. To promote optimal cell reactivity in these special conditions, studies were undertaken over short incubation times, and most studies were carried out with cells in suspension culture. Even then, a fall of pH of up to 0.3 units usually occurred during incubation due to some of the uric acid crystals passing into solution.
In reactions with cells in suspension culture, crystals were readily visible within the MDCK cells, uptake being dependent upon the crystal concentration (maximum uptake occurred at 900 g/ml with half maximum uptake at 270 g/ml). At a crystal concentration of 900 pg/ml, approximately half of the cells had taken up crystals of uric acid within four hours. In this model system, exposure to uric acid crystals invariably caused the release of lysosomal enzymes and was comparable with that on exposure to urate (MSUM) crystals. Maximum enzyme release occurred at a crystal concentration of approximately 850 g/ml, with half maximum enzyme release occurring at 140 tgJml. A highly significant correlation existed between the concentration of the uric acid crystals in the medium and the release of lysosomal enzymes (Table 2) Reaction between crystals and other cells Urate (MSUM) crystals also reacted with bovine fetal kidney fibroblasts and medullary cells. With fibroblasts in suspension, uptake of crystals was rapid, with 70% of the cells taking up crystals within four hours and the crystals being readily visible within the cells and aligned with their long axes. The reaction with fibroblasts in monolayer was also much more rapid than with MDCK cells, with significant enzyme release being detected at 24 hours. The raised reaction sites seen with the MDCK cells were not seen. Significant release of the lysosomal and cytosolic enzymes which were studied occurred from fibroblasts in suspension within four hours. Similar results were obtained with bovine fetal medullary cells. 
Discussion
Findings in the kidneys of patients with gout have shown a wide variety of renal lesions, but this is probably not surprising when it is realized that urate metabolism in gouty subjects is very heterogeneous [24] . In addition, the kidneys of gouty subjects are often subjected to damage from conditions other than MSUM or uric acid crystals such as hypertension, hyperlipidemia, degenerative vascular disease and urinary infection, each of which may contribute to renal pathology. This has resulted in much conflicting evidence concerning the nature and pathogenesis of gouty nephropathy. However, renal disease is a frequent finding in two different, but allied, conditions which are homogeneous insofar as they both result in urate overproduction. The first of these is the deficiency of hypoxanthine guanine phosphoribosyl transferase (HGPRT) [1] and the second is the urate overproduction due to hemopoietic malignancy, especially after treatment with cytotoxic agents [2] . Both are associated with excessive urinary excretion of urate, often prior to the development of elevation of the serum urate concentration. This urate overproduction is often associated with the development of renal damage, usually referred to as a uric acid nephropathy, and it has been postulated that uric acid crystals formed within the lumen are important in the pathogenesis of this type of renal disease. In addition, it is postulated that tubular epithelial cells react with the crystals as an initiating disease mechanism. The present study supports this hypothesis in that it demonstrates a definite response by cells with many characteristics of renal tubular epithelial cells to have contact with crystals of urate and uric acid. In this reaction, crystals pass initially into the epithelial cells, as well as into the inter-cellular spaces, and from there to a site beneath the epithelium. The release of lysosomal enzymes indicates involvement of lysosomes in the reaction and the lesser extent of the release of cytsolic enzymes indicates disruption of some of these cells. However, most cells in the reaction sites excluded trypan blue, even at 72 hours, and by this criterion, were still viable. These studies imply that crystals can pass through the epithelium by several mechanisms and may induce subsequent pathological changes. Similar structures to those reported here were observed in pig kidneys exposed to intra-luminal xanthine and oxipurinol crystals [8] . A variety of cytokines may be released in the process, which may be followed in vivo by the arrival of neutrophils and macrophages, which together result in an inflammatory process and the possibility of pathological changes. In this regard, the similarity of the MDCK cell line to cells of the collecting duct epithelium has been well documented [15] , and suggests that the response of these cells to crystals might resemble that of epithelial cells of the distal nephron in vivo. The culture system under study could therefore serve as a model to assess the importance of the interaction of tubular cells with crystals in isolation from other physiological and cellular interference, such as tubular obstruction and leucocytic invasion. Because of the lower intra-luminal pH, most of the crystals to which renal epithelial collecting duct cells might be exposed in vivo would be expected to be uric acid rather than urate. However, it should be noted that needle-shaped crystals of MSUM (urate) have been found in the urine of patients with gout [25] , so that the distinction may not be as important as might be suggested theoretically. However, because of the difficulty of maintaining cell cultures in a medium of low pH (similar to urine) to which uric acid crystals could be added without dissolving, the major aspects of the present study were undertaken with urate crystals and the cell crystal reaction documented first in these cells. Later, with a progressive modification of the pH and sodium concentration in the medium to prevent the formation of MSUM crystals, it was possible to study the reaction between uric acid crystals and the MDCK cells. Thus, because of their different solubilities at different pH values, uric acid and urate crystals required different optimal culture and study conditions. However, their reactions were similar in both the morphological and functional (enzyme release) studies, and it appeared that the reactions with the two types of crystal were qualitatively similar.
Crystal associated disease may affect many organs, and special study has been undertaken of the influence of protein coating on the reactivity between cells and crystals. In this regard, neutrophil leucocytes are particularly active [261. However, fibroblasts [27, 28] and macrophages are known to be involved actively in crystal cell reactions. In most of these studies, it has been shown that crystal coating with IgG greatly enhances the cell reactivity and increases the release of lysosomal enzymes [291. This has been attributed to the orientation of the adsorbed IgO being such that the Fc portion of the molecule was exposed and presumably able to bind to Fe receptors in the cell surface [30] . Direct studies on crystals within the phagolysosomes of neutrophils have confirmed IgG as the major coating in vivo, although other proteins such as C3 and fibrinogen were present in small amounts [311. The findings in the present study of renal epithelial cell reactivity are similar to those reported for other more highly reactive cells such as neutrophils, in that phagocytosis is followed by the release of lysosomal enzymes [32] . The renal celllcrystal response in the present study also appeared consistent with a crystal membrane interaction initially, followed by the formation of a phagosome and a phagolysosome, which subsequently released lysosomal enzymes. Crystals coated with IgG again showed greater reactivity. The amount of lysosomal enzyme released in 72 hours (approximately 2.5% of total intra-cellular enzyme) suggests that only a small proportion of the cells were involved in the cell crystal reaction. This compared with 15 to 20% of neutrophils involved in reactions with comparable concentrations of MSUM crystals [29] . Together with the slower time of the reaction, this suggests that the degree of reactivity of the MDCK cells with crystals, while definite, was still of a lesser order than that of the highly reactive neutrophil, although the factors governing reactivity with crystals remained basically the same. (IL-i). Crystal/synovial fibroblast reactions may additionally promote formation of collagenase and neutral proteases. A variety of other clotting factors and complement components have also been reported and the reaction is potently chemotactic. In the present study of crystal reactions with MDCK cells, no leukotriene B4 was produced. However, significant amounts of prostaglandin E2 were formed, and this may be an important finding in the pathogenesis of the renal damage by virtue of the local vasodilation and edema which could result. In vivo, this could promote the arrival of neutrophils and macrophages which may then react with the urate crystals which have passed through the epithelium.
These experiments on MDCK cells suggest that cultured tubular cells of the distal nephron have a specific response to urate and uric acid crystals that is similar to that observed by kidney tubule cells in vivo. The reaction of MDCK cells, if extended to kidney tubules, suggests that crystals can cause epithelial damage directly, independently of any invasion of leucocytes, and can permit the transfer of crystals across the epithelium, after which crystals may infiltrate the interstitium to produce an inflammatory reaction. Some other facets of the epithelial cell/crystal reaction yet to be explained include whether they produce other factors such as chemotactic factors and cytokines involved in inflammation. Understanding the basic pathological responses should assist in their ultimate prevention.
